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The use of superconductors for high power RF has been limited by

the peak electric and magnetic fields which can be achieved in cavities.

We sought to explore the limitations of such devices by looking at field

emission of electrons from Nb surfaces at high electric fields and by

investigating magnetic field flux penetration for large peak fields at the

surface. Since there seems to be no fundamental electric field limitation

below 100 MV/m field strengths, most of our effort has gone into mag-

netic field studies. In typical cavities a peak magnetic field of 1 kilo-

Gauss somewhere in the cavity corresponds to a peak electric field in the

vicinity of 30 MV/m at some other location, and materials such as Nb 3Sn

have not been shown to have critical fields (Hc 1 ) as high as 1 kilo-Gauss.

Our efforts have, therefore, moved in the direction of finding what hap-

pens to materials such as Nb 3Sn when the surface begins to allow mag-

netic field flux penetration into the bulk of the sample.

At the beginning of the project we studied field emission with Nb

samples and constant electric fields over 1 cm wide samples. A clean

high vacuum system with a turbo molecular pump was used for the studies.

We found that simple etching of the sample followed by glow discharge

cleaning in low pressure Ar gas allowed us to obtain electric field strengths

of - 40 MV/m before discharge or high electron currents were observed.

There seems to be some concensus of opinion that field emission problems

in cavities can be eliminated by a combination of careful fabrication, good

vacuum systems, keeping dust out and performing low pressure He or Ar

discharge cleaning (especially at high power pulsed RF drive). The ques-

tion of what leads to the breakdown in DC circumstances has become more

difficult to understand, and the study of such questions has grown in

sophistication ( 2 ) to the point where our small effort was not competitive.

The next step in this three year project was the study of flux penetra-

tion into small samples of Nb and N 3Sn when an external time varying

magnetic field was imposed, initially with a ferrite gapped toroid providing
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the magnetic field. Since we wished to study a variety of sample shapes,

both solid and hollow, a sense scheme was devised to allow measurement

of flux penetration into a sample by measuring voltages from two coils.

one surrounding the sample and one which monitored the applied field.

A constant fraction of the applied field sense coil voltage was subtracted

from the sample coil voltage so that the difference represented a departure

from linearity of the flux in the sample versus the applied field. In this

way we can measure both threshold critical fields (Hc 1 ) and the magnitude

of energy loss per cycle of flux penetration into the sample or other non-

linear effects at the surface of the sample.

Our initial efforts were mostly concentrated on a pure Nb 3Sn

crystal with external magnetic fields at frequencies below 20 kHz, a

restriction due to complications in high frequency behavior of the cold

ferrite being used to create the applied field. The results of these studies

are shown in the appendix which is a copy of the conference paper ( 3 ) pre-

sented to the Applied Superconductivity Conference last year. It appeared

that there is definitely some striking frequency dependence in the motion

of flux into Nb 3Sn samples. Even though there appeared to be a rather

low critical field for Nb 3Sn (-- 600 Gauss), the degree of flux penetration

was rather small, even at these low frequencies. This has immediate

consequences for RF applications, especially if the magnitude of flux

penetration continues to drop as frequency is increased. In addition, our

measurement of the lower critical field for Nb 3Sn may be a better way to

determine this elusive parameter than has been achieved in the past.

The next step in this study consisted of making Helmholtz coils and

associated high power drivers to permit us to reach 2 kilo-Gauss peak

magnetic fields at frequencies of up to 2 MHz. At the same time we fabri-

cated a series of samples which would be more suited to the new geometry.

We chose a cyclindrical shape of I mm dia by 4 mm length in order to

eliminate end effects by keeping induced current densities at the sample

surface sm-Aaller at the ends of the sample than at the middle (where the

3



flux monitor coil is positioned). A series of thin shell samples was pre-

pared so that the core of the cylinder would not contain conducting material

which reduces our sensitivity to observed flux penetration. The Nb 3Sn

sample was fabricated by diffusing tin into Nb tubes with 0. 15 mm wall

thickness and resulted in high quality Nb 3 Sn on the Nb substrate.

Studies of the new samples have been conducted at frequencies up

to 2 MHz (which required a 5 kw pulsed RF transmitter to drive the

Helmholtz coils) and some interesting effects have been seen in the be-

havior of the Nb 3Sn on Nb sample. There is no discernible flux penetra-

tion at the expected Hc1 of Nb 3Sn when operating at 4. Z*K, but we do see

the threshold associated with Nb (-- 1. 2 kG). On the other hand, when

working at 10"K the expected lower Hc I (- 400 Gauss) of Nb 3Sn is observed

which is expected because the Nb has become "normal. "1 The thickness of

the Nb 3Sn layer (-. 2 U) is such that we should have seen flux penetration

through that layer to the underlying Nb if that was what was happening at

the lower temperature.

It is safe to say that we do not understand the Nb 3Sn behavior at

this time, but the results are quite promising for reasonably high power

use of Nb 3Sn in cavities. Even though the material may show some low

value of Hcl, the degree of flux penetration is so low at high frequencies

that one may use it for reasonably high Q cavities at high power levels.

It may be even more useful when the Nb 3Sn is fabricated by diffusion on Nb.

This investigation is continuing, and when new funding is obtained we

should be able to complete the present phase of measurements. An inde-

pendent theory and modeling activity is underway to try to provide a

better understanding of this behavior.
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TIME DEPENDENCE OF MAGNETIC FLUX PENETRATION IN Nb AND Nb3Sn

S. Ghamati, H. Suhl. W. Vernon and G. Webb
Department of Physics and

Institute for Pure and Applied Physical Sciences
University of California, San Diego. La Jolla, CA 92093

The Apparatus
Abstract Superconducting samples were wrapped with a

We have investigated a single crystal sample of "sample coil" and placed in a time varying magnetic
Nb 3 Sn at low frequencies, 100 Hz to 13 kHz, and found field next to a field monitoring coil so that a reason-
a value of Bc1 = (45.6 • 2.7)mT for the lower critical ably uniform magnetic field (B a ) was seen by the sam-
-:ield extrapolated to T 0 K at 497 Hz. The critical pie and the monitor coil. Ferrite5 was used to make

field. as we have defined here, was observed to in- an approximately toroidal geometry with a I cm z

crease by 32 + 5% in going from 0. 5 to 13 kHz. Hys- cross-section and a gap of length 2. 86 mm where the
teretic energy loss was used to determine the critical sample and coils reside. The field monitor coil gen-

fields and was observed to decrease rapidly with fre- erates voltage Va and consists of 30 turns of #48 Cu

quency, dropping a factor of ten between 0.5 and wire with an effective area of 1. 2 mm 2 * 2%. located
13 kHz. Samples of Nb wire were pulsed with field below the gap centerline. A sample and its coil was
rise times of 2 usec and found to have a T = 0 K value placed above the center of the gap with center to con-
of Bc 1 

= 158 * 8 mT, unchanged from lower frequency ter spacings of the coils being typically 3 mm. The
values. The Nb 3 Sn sample had undetectable signal magnetic field in the gap at room temperature was
levels under similar pulse conditions (up to 150 mT uniform to within 2% over the area occupied by the
maximum field). Temperature dependence of the two coils and was generated by a winding of between
critical fields is consistent with I - (T/Tc)2 behavior 20 and 40 turns on the far leg of the toroid.

from 2 K to Tc (18.0k 0.1 K for the Nb3 Sn sample). At LHe temperatures the toroid required an ex-
Introduction citation of about Z50 A-turn for 100 mT (I k1auss) in

the gap with drive voltages as high as 1000 V for the

Superconducting cavities used for high power shortest time scales reported here. Magnetic fields
RF energy storage or for particle accelerators have of up to 0. 15 T can be achieved with this material and
evolved slowly in the last two decades1 with niobium winding geometry at 4. 2 K before serious distortion
still the material of choice for working devices. Con- arises due to saturation in the ferrite. The ferrite
siderable effort has gone into the fabrication of Nb3 Sn does exhibit strange low temperature behavior. but
cavities because of that material's higher critical certain combinations of temperature, frequency and
temperature and potentially higher critical magnetic amplitude exist where low distortion sinusoldal time
field capability in comparison with Nb. However, no dependent fields may be generated.
Nb 3 Sn cavities to date have significantly outperformed Measuring the magnetic flux in the sample con-
those fabricated from pure Nb. Since it appears that slated of subtracting some fraction of Va from V.
much more work will be required before high quality the sample coil voltage, in order to create Vdiff
large area Nb 3Sn surfaces can be constructed, we d0a/dt, the rate of change of the flux inside the sam-
have begun a study of the time dependent high mag- ple. A network with some small phase shifting caps-
netic field behavior of a small sample of single bility was used in conjunction with a variable band-
crystal Nb 3 Sn. width. variable gain difference amplifier to perform

A key uncertainty in Nb3 Sn high frequency be- the subtraction. Adjustment of the network was done
havior comes from its rather low critical field. Bc 1 . when the sample was superconducting and at magnetic
at low frequencies. The 4. 2 K value of Bc 1 at low field levels below Bc 1 . The network was tuned until
frequencies doesn't seem to be well known either. 2 Vdiff - 0. often to a signal level of 4 10 MV, rms.
partly due to the difficulty in fabricating samples and Effective sample area was determined from the set-
;artly from the complicated behavior of this materi- tings of the networks and the voltage ratios of the two
a1. There are calculations 3 which show that the coils at temperatures above Tc and at low frequan-
Aeissner state is metastable up to a higher critical cies where normal state conductivity of the e#..mple
field BSH and that this critical field may be near or did not influence the level of flux through the sample.
even above the thermodynamic Bc of type II materi-
als. It has also been suggested that this metastable A waveform digitizer was used to record the
state may be more easily observed with RF due to a transient Vdiff signal for subsequent storage on a
finite nucleation time for a flux line. 1 Since the computer disk file. If excessive noise was present.

highest fields achieved to date in Nb 3Sn cavities are waveforms from several pulses were averaged. The
less than 0. 1 T, 4 it seemed appropriate to try to find pulse length for a given configuration was kept below
the value of BSH and its low frequency onset for both 100 msec to prevent heating of the sample due to
Nb and Nb 3 Sn in small samples of very pure material, losses in the sample and in the toroid at high peak

magnetic fields. Applied magnetic field Ba was ob-
tained by integrating V. which had either been digi-

Supported by Office of Naval Research Contract tized and summed in the computer or fed through an
NOOOI4-8Z-K-OS78. analog integrator and digitized; often both paths were
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Nb 3 Sn Re sults ,30

A single crystal of Nb 3 Sn with an "arrowhead" 0.8 Nb 3 Sn (0)
shape and maximum dimensions of 2.7 t 0. 1 mm. 1.9 20
*0. 1 mm and 0.75 * 0.05 mm was wound with a sam- 047 TA (P
pie coil of 30 turns of #48 Cu wire having an effective y0
coil area of 0. 93 min 2 * 3%. The effective area of the '?o 0
sample perpendicular to the magnetic field was found 0 '

to be A s = 0. 58 mm 2 * 5%. i.e.. 63% of the sample .20 - 0
coil area. A direct check of the critical temperature ' -0.4

of the sample in our apparatus at very low applied

field gave Tc X 18.0 * 0. 1 K. -0-8

The sample is the same single crystal used in

earlier Raman scattering experiments. z where its 2 b
preparation was described. Surface treatment of the 5
sample for the Raman measurement is described 10 0
elsewhere. 7 For this experiment the crystal axes
were at unknown orientation, but with the longest di- 311
mension parallel to the applied field. Other samples 'O 0 0

from the same growth were measured to have Tc a

18. 0 K with residual resistance ratio (RRR) extrapo- > -100

lated to 0 K of 50. This RRR corresponds to a resi-

dual resistivity of 1. 5 v " cm. Clear signs of a -
martensitic transformation at 50. 6 K were observed _ __ _.___.

in the resistance. 0 0.5 1.0 1.5 .0

Early attempts to measure flux penetration in t (msec) ---->
the sample with pulsed fields of Wsec rise time were

inconclusive. At lower frequencies some semblance Figure 1. Sample coil voltage which is associated

of order emerged, and the results presented here with the sample area (a) and applied magnetic field

come from runs at 100 Hz, 497 Hz and 13 kHz. In monitor voltage (b) for Nb 3 Sn at 4.2 K and 13 kHz.

Fig. 1 the Vdiw and Va signals vs time are shown for The time indicated by A is near Ba(max) = Bc1 and

a typical set of conditions where the signals are clean is the start of the loops in Figur 7') while point B

enough to do the subsequent hysteresis analysis of is the start of loops in Figure 2 .

energy loss per cycle as Ba increases. It can be
seen that Vdiff is essentially zero until some field
level where the signal begins to grow as Ba continues

to increase. The shape of the Vdiff signal provides I ,

no obvious clues about the value of Bc I . For instance, 006 01
one might expect that a sharp spike would appear at
the instant when Ba exceeds Bcl, as in the case for 004
Nb samples in similar circumstances. Since the criti- 005

cal field for Nb 3 Sn cannot be determined easily by in- a02
spection, we chose to follow the energy loss per cycle 'o
as a means of defining Bc1 with some precision. - 0

When the voltages of Fig. I are integrated, the
resulting time dependent magnet field flux of the sam- 2--006

ple and the applied field may be plotted as hysteresis __ 7 _0 05

curves as shown in Fig. 2. The vertical axis repre- -

sents flux through the sample, but the right- side scale L 04 (bo

also shows a magnetic field which would correspond X -05
to that flux if the field in the sample were uniform. #! 02
The two families of hysteresis loops span the region

of Fig. l(a) corresponding to positive energy loss, and 0 0

the starting points of each family are shown by the
arrows in Fig. l(a). An expanded scale is used to show
the loops in Fig. 2(a) where Bc 1 is found to have been -0.2

reached by the increasing amplitude of Ba. Cycles 0 -05
earlier than the ones plotted have very small negative -04

areas, but the noise and systematic uncertainties in i

the apparatus prevent us from attaching much signifi- -100 -50 0 50 00

cance to the "reversal of the sense of the loop" in APPLIED MAGNETIC FIELD (IOOTesIG)

this data.

Energy density lost in the sample due to flux Figure 2. 0. vs Ba hysteresis loops for the data of

moving in and out may be found by integrating Figure 1. starting at time A in (a) and continuing in
(O./A,)(dBa/Uo) (or Bsd3a/Uo) for each cycle of Ba . (b). The right side axis shows sample field values

starting at Ba 0. This loop area is positive when the for scale only.

V~~'Z~! ~ .~4 YC' 
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loop is traversed in a counter-clockwise sense as Temperature dependence of the critical field at
time increases. When this energy density is multi- a given frequency is expected to closely follow the
plied by A81, I the effective sample length, we arrive Bc1 (I - (T/To)Z) rule which appears to be the case for
at an approximate energy loss per cycle for the sam- the 13 kHz points. The fit results for Bc1 are shown
pie. Picking I = 2. 5 mm as a reasonable effective in Table UI. Since Bc I may be changing with frequency,
length for this sample shape, we plot the energy loss/ an effort was made to obtain Bc I at 500 Hz with mini-
cycle as a function of the amplitude of Ba for various mum systematic errors. Variations in the ferrite
frequency and temperature combinations in Fig. 3. properties with temperature prevent us from making
Since AE is changing rapidly with both temperature the energy loss analysis over the whole temperature
and frequency, data is multiplied by various factors range. In order to see how the critical field changes
before being plotted in the figure. with T, the critical field threshold was estimated by

When a quadratic function of Ba is fit to a set of extrapolating the Vdiff signal back to zero amplitude.
energy loss points, we assume that the minimum of and the results are plotted in Fig. 4. The 4. Z K point
the function indicates where Bc1 occurs. Three of the comes from Table I, the result of the energy loss

quadratic fits are shown in Fig. 3, and values for the analysis, and is combined with the lower precision
quadratic parameters for all five sets are listed in points in the overall weighted fit to the quadratic
Table I. The quality of the fits is consistent with temperature dependence. Parameters from the fit are
statistical errors of about 5% on each point. Bcl = 38.4 k 1. 2 mTesla (500 Hz) and Tc - 18.4 i

0. 4 K where the critical temperature is actually

18. 0 + 0. 1 K so that there is reasonable agreement
for the critical temperature found in this way.

0 100 Pa4.2 K Otl)
497 HX64.2K O0 A final problem with the Nb 3 Sn sample stems

o 13 NNP. 4.2 K OW from its shape and the question of what "demagnet-
O 13 kHM.,. K Om izing" factor to ascribe to the sample. An estimatev 13 Mdhn, 17.4 K CM 8D

1W7/ of the effect of the crystal shape8 on the magnetic
_j field at the superconducting surface yields a multipli-

O o.4 er of 1.19 0. 07. The corrected values of Bc1 are
shown in Table I where the two sets of errors indicate

0 first the uncertainty of the AE vs Ba determination
and, second, the overall uncertainty due to the de-

0. 3magnetizing correction which is the same for all data
0 sets.

ft V

X 0 497 Hz, HYSTERESIS
w o. -%

40

o 20 40 0 s0 o 0- Nb 3 Sn

Ba, AMPLITUDE Wm)ag

Figure 3. AE vs applied magnetic field, obtained L.
from hysteresis loop areas. The solid lines are
quadratic fits whose starting points are taken to be -J 20T
Bc 1 for each data set. Each set has been multiplied <

by a different scale factor to facilitate shape com- Q

parisons.

TABLE I: Parameters in the quadratic fits of energyloss/cycle (&E) as a function of amplitude of the

,f" applied magnetic field Ba for the five cases platted in
Fig. 3. The function is AE = Eo + U(BaBc). 0 2 4 10 12 14 10 1i 20

f.TEMPERATURE (K)
CASE E (nT) U(nJ/(mT)

2  B (mT)

100 Hz, 4.2 K 43 &73 0. 9 10. 5 40 k7 Figure 4. Temperature dependence of Bcl for a fre-
497 Hz, 4.2K 5.4*3.8 0.21k0.02 39.1kI.5 quency of 497 Hz. The point at 4.2Kcomes from
13 kHz. 4.2 K 2.8*0.9 0. 063 * 0. 004 51.6 * 1.0 Table I, and the remaining points are the result of
13 kHz, 15.9K 0.2 k0. 1 0.17 * 0.02 9.2 1 0.3 extrapolation of Vdiff. The dashed line is the fit
13kHz, 17.4K 0.0*0.1 0.3*0.1 3.6 0.4 discussed in the test.

%
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TABLE IL The lower critical field, Be, . at 1 0 K Apart from small changes in the shape of the
as determined from fits of data to the function Bcl(0) sample signal, there were no observed changes in
(I - (T/Tc)2) = Bc,(T). The last column is the value Bc 1 or signal magnitudes for the frequencies covered
corrected for demagnetizing shape effects whose un- The shape of the signal should be changing in the
certainty is shown by the second set of errors. 4sec pulse region due to normal state conductivity

CASE B1 (0) (mT) Bc,(0) (mT) restricting flux motion. Attempts to see similar sig-
uncorrected nals in the pulse mode witl. the Nb 3 Sn sample were

inconclusive which is understandable if the results of

Nb 3 Sn, 497 Hz 38. 4 1 1. 2 45.6 * 1. 5 * 2. 3 the previous section are extrapolated to this frequen-

Nb 3 Sn, 13 kHz 53 + 3 63 * 4 + 3 cy region along with the apparatus sensitivity limits.
Nb, 21isec 155*18 158*+8*12

Conclusions

Nb Measurements We have measured the lower critical field for a

A sample of Nb wire (MRC, MARZ grade); single crystal Nb 3 Sn sample at a frequency of 497 Hz
2. 5 mm along the magnetic field direction and 0. 2 mm by defining the start of hysteretic energy loss from
in diameter was tested at 10 kHz and under fast rise our fits to the data to be the threshold. When demag-

time pulse conditions. A family of samples were netizing corrections are included, we find Bc 1 =
annealed at 900"C for 30 min. electropolished, oxy- (45.6 * 2.7)X 10 .3 Tesla, extrapolated to T = 0 K.

polished4 and inspected to verify surface smooth- Similar measurements at frequencies of 0. 5 and

ness. The RRR of the samples was about 20 and the 13 kHz and T = 4. 2 K indicate that the critical field,
critical temperature was 9.14 + 0. 10 K. At 10 kHz as we have defined it, increases by 3Z * 5% as the fre-
the signal from the Nb sample coil (30 turns of #48 quency is increased by a factor of 26. The energy losi
Cu wire) showed sharp spikes as Ba exceeded PFc per cycle, AE, decreases more dramatically for the
each half cycle. Signal strength was larger than in same two frequencies. and the ratio of AE for the two
the Nb 3 Sn case even though the Nb sample area was cases (0. 5 and 13 kl4 z) is about 10 in the region of
only 1% of the Nb 3 Sn area. Ba = 60 mT. Measurements an N have not revealed

In Fig. 5 the results of high speed pulse tests major changes in its behavior up to equivalent fre-

are shown for various temperatures. The increasing quencies of 100 kHz.

magnetic field had a rise time of about Z ssec, the These measurements are a prelimitary skir-
same for all temperatures, and was approximately mish in the battle to characterize Nb 3 Sn for high fre-
bipolar (zero-integral). Critical field values were ob- quency and high magnetic field applications. However,
tained by extrapolating the sample voltage waveform, the results look pramising and inrlicate that the mate-
from its maximum slope back to the zero level. Re- rial may have low loss applications at lower frequeu-
sulting values of Ba for the five lowest temperatures cies than previously considered, especially in a pulse
were fit as shown in Table II. The fit also yielded a mode which might exceed Bc 1 for short times. We
value of Tc = 9. 4 + 0. 3 K, in reasonable agreement will try to use that feature as a tool to create higher
with the known value, drive fields at higher frequencies in order to continue

the study of the single crystal Nb 3 Sn sample.
60 I I I I II
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